Friction factor data from two recent pipe flow experiments are combined to provide a comprehensive picture of the friction factor variation for Reynolds numbers from 10 to 36,000,000.
For pipe flow, as long as entrance effects, roughness, and temperature variations are small, dimensional analysis indicates that the friction factor λ is only a function of the Reynolds number Re. That is,
Here f denotes a functional relationship, dP /dx is the pressure drop per unit length, D is the diameter of the pipe, ρ is the fluid density, ν is the kinematic viscosity, and U is the flow velocity averaged over the cross-sectional area of the pipe. The Princeton (Zagarola & Smits 1998; McKeon et al. 2004a; McKeon, Zagarola & Smits 2004b) and Oregon (Swanson et al. 2002) research groups have recently examined fully developed pipe flow using very different apparatus. Compressed air is used in the Princeton 'Superpipe', whereas the Oregon device uses several roomtemperature gases: helium, oxygen, nitrogen, carbon dioxide and sulphur hexafluoride are used for relatively small Reynolds numbers, and normal liquid helium (helium I) is used for the highest Reynolds numbers. The difference in scale of the two devices is dramatic: for example, the Superpipe weighs about 25 tons, whereas the Oregon tube weighs about 1 ounce.
The combined data sets are tabulated in table 1 and plotted in figures 1 and 2. We see that the range of experimentally known friction factors has been increased from Re = 10 3 to Re = 3.2 × 10 6 (see, for example, figure 20.1 in Schlichting 1979), and Re = 10 to Re = 35.7 × 10 6 . Where they overlap, the data lie within an average of 1.7%, compared with experimental errors of 2% to 4% for the Oregon data and Table 1 . Friction factor data from the two experiments.
1.1% for the Princeton data. The line shown in figure 2 is the curve fit proposed by McKeon et al. (2004b) for Re D > 300 × 10 3 :
The maximum difference between equation (1) and the Princeton data for 31 × 10 3 6 Re 6 35 × 10 6 is always less than 1.25%. For 300 × 10 3 6 Re 6 13.6 × 10 6 , the deviation from the proposed formula is less than ±0.5%. For Reynolds numbers above 13.6×10 6 the friction factors start to move above this line, indicating the possible effects of roughness, but the trend is within the experimental error on λ for all but the highest Reynolds number.
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